The 40-fold increase in childhood megakaryocyte-erythroid and B-cell leukemia in Down syndrome implicates trisomy 21 (T21) in perturbing fetal hematopoiesis. Here, we show that compared with primary disomic controls, primary T21 fetal liver (FL) hematopoietic stem cells (HSC) and megakaryocyte-erythroid progenitors are markedly increased, whereas granulocyte-macrophage progenitors are reduced. Commensurately, HSC and megakaryocyte-erythroid progenitors show higher clonogenicity, with increased megakaryocyte, megakaryocyte-erythroid, and replatable blast colonies. Biased megakaryocyte-erythroid-primed gene expression was detected as early as the HSC compartment. In lymphopoiesis, T21 FL lymphoid-primed multipotential progenitors and early lymphoid progenitor numbers are maintained, but there was a 10-fold reduction in committed PreproB-lymphoid progenitors and the functional B-cell potential of HSC and early lymphoid progenitor is severely impaired, in tandem with reduced early lymphoid gene expression. The same pattern was seen in all T21 FL samples and no samples had GATA1 mutations. Therefore, T21 itself causes multiple distinct defects in FL myelo-and lymphopoiesis.
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transient myeloproliferative disorder | aneuploidy | human fetus C onstitutional trisomy 21 (T21) causes Down syndrome (DS), the most common syndrome-associated chromosomal anomaly in humans (1) . As well as with neurodevelopmental, cardiac, and gut anomalies (2) , there is a striking increase in childhood acute leukemia in DS, even though the risk of solid tumors is much lower than with the general population (3) . Intriguingly, this susceptibility to hematopoietic tumors manifests as an increased risk both of acute megakaryocyte (MK)-erythroid leukemia (known as ML-DS) by 150-fold and of acute B-lymphoblastic leukemia (B-ALL) by 33-fold (3, 4) .
DS leukemias display distinct characteristics that support a crucial role for T21 in their pathogenesis. Hallmarks of ML-DS are the megakaryoblastic phenotype, clinical presentation confined to the first 5 y of childhood (5, 6) , an antecedent clonally linked preleukemic condition (termed transient myeloproliferative disorder, TMD) in most cases, and acquired N-terminal truncating mutations in the erythroid-MK transcription factor GATA1 (7-9). Such mutations in GATA1 are present in both ML-DS and TMD (9) but are not found in patients without DS who develop megakaryoblastic leukemia (7) and are not leukemogenic in the absence of T21 (10) .
Molecular, biologic, and clinical data indicate that TMD is initiated before birth (9, (11) (12) (13) (14) . We previously reported that by the second trimester, the T21 fetal liver (FL) myeloid progenitor compartment is abnormal and that this occurs in the absence of GATA1 mutation (11, 12) . Specifically, the MK-erythroid progenitor (MEP) population is expanded with increased cell-intrinsic MK and erythroid lineage proliferation from CD34 + cells. These data suggest that T21-mediated developmental alterations to FL myeloid progenitor development provide a cell-specific substrate for selection and expansion of mutant GATA1 clones. This finding is consistent with results in mice genetically engineered to express N-terminal truncated GATA1 protein, which develop an altered MK lineage proliferation/differentiation phenotype, restricted to FL progenitors and not seen in adult mice (13) .
The abnormalities in the myeloid progenitor compartment of T21 FL would be consistent with one of at least two contrasting scenarios. The first scenario is that effects of T21 are confined to the myeloid progenitor compartment, which through the combination of T21 and mutant GATA1 acquires increased self-renewal and a selective growth advantage; these cells would be predicted to have a relatively short lifespan, which could account for frequent spontaneous resolution of TMD (∼80%) within a few months of birth (14) . An alternative model, given the increased risk of childhood B-ALL and B-cell immune deficiency (4, 15) , is that T21 might perturb hematopoiesis at the hematopoietic stem cell (HSC) or multipotential progenitor level. To distinguish between these two possibilities, we performed detailed immunophenotypic and functional analysis of the HSC/multipotential progenitor compartment and committed myeloid and B-lymphoid compartments of T21 FL without GATA1 mutations and compared these with normal FL. Here, we are unique in reporting that in human FL, T21 itself increases immunophenotypic HSC frequency, clonogenicity and MK-erythroid output with associated MEP expansion, and severe impairment of B-lymphoid development. Perturbation of FL HSC/progenitor proliferation and lineage commitment may underlie the striking susceptibility of T21 hematopoietic cells to both myeloid and lymphoid leukemic transformation and, together with human T21 ES and induced pluripotent stem cells (iPSCs), T21 FL provides a tractable model for dissecting T21-mediated leukemia.
Results
Perturbation of HSC/Progenitor Frequency in T21 FL. We previously found marked MEP expansion, reduced granulocyte-macrophage progenitors (GMP), and qualitative common myeloid progenitor (CMP) abnormalities in T21 FL in the absence of GATA1 mutation (11, 12) . To investigate whether T21 causes wider perturbation of T21 FL hematopoiesis, we used the same scheme to define the HSC/progenitor hierarchy as established for cord blood and adult marrow (16, 17) and compared the HSC/multipotential progenitors (MPP)/lymphoid-primed multipotential progenitors (LMPP) compartment in T21 FL (n = 8; median gestation 16 wk) with normal FL (n = 13; median gestation 15 wk) by flow cytometry. There was a 3.5-fold increase in immunophenotypic HSC frequency in T21 compared with normal FL (7.9 ± 0.9% vs. 2.3 ± 0.4%; P = 0.0025) but MPP and LMPP frequency were preserved and we confirmed the changes in MEP and GMP frequency we found previously (11, 12) (Fig. 1) . The same pattern was seen in all T21 FL samples and no samples had GATA1 mutations. There was a marked reduction in CD34 + CD19
+ committed B progenitors (CBP) in T21 compared with normal FL (3.1 ± 1.3% vs. 10.7 ± 1.3%; P = 0.0026), suggesting a block to B-lymphoid differentiation because early lymphoid progenitor (ELP) (CD34
− ) frequency was normal (Fig. 1 ). These data show multiple defects in T21 FL hematopoiesis, characterized by expansion of immunophenotypic HSC and MEP with commensurate reductions in GMP and B-progenitors. Because the frequency of CD34
+ cells was the same in T21 FL as normal FL, both by flow cytometry (3.1 ± 0.8% vs. 4.9 ± 0.9% of mononuclear cells; T21 vs. normal; P = 0.185) and immunohistochemistry of FL sections (15.1 ± 2 vs. 17.7 ± 4.7/100 high-power fields; P = 0.624) (Fig. S1 ), these differences in HSC/ progenitor frequency also reflect changes in absolute numbers of these populations in T21 FL.
Increased Clonogenicity and MK-Erythroid Potential of T21 FL HSC/ Progenitors. Next, we performed in vitro clonogenic assays of these immunophenotypic HSC and progenitor populations (sorting strategy shown in Fig. S2 ). This process showed increased clonogenicity of HSC (fivefold P < 0.01), CMP (2.7-fold P < 0.05), and MEP (2.5-fold P < 0.05) (Fig. 2A) . Lineage output from HSC, MPP, CMP, and MEP showed marked skewing toward the MK lineage with increased MK and MK-erythroid colonies ( Fig. 2B and Table S1 ). Furthermore immunohistochemistry of FL sections confirmed the marked absolute increase in MKs (Fig. S1 ). T21 FL HSC also generated increased absolute numbers of erythroid burst-forming units (BFU-E), given that overall clonogenicity was higher in T21 HSC (Table S1 ), although the relative proportion was similar to normal FL (Fig. 2B) .
Two types of blast-cell colony (Blast-My and Blast-E) were identified morphologically in normal and T21 FL HSC, MPP, and CMP. Blast-E were also generated by FL MEP (Fig. 2 B-F) . Blast-E, small compact hemoglobinized colonies (Fig. 2C ) appearing after day 14 of culture (in contrast to BFU-E, which were easily seen by day 10), contained late and early normoblasts, blast-like cells, and macrophages ( Fig. 2D) , coexpressed CD34 and GlyA in contrast to BFU-E ( Fig. 2E ) and, unlike BFU-E, had high replating efficiency, generating solely erythroid colonies (BFU-E) and no myeloid colonies. Neither Blast-E-derived BFU-E nor BFU-E arising directly from plated FL HSC/MPP/CMP or MEP were replatable ( Fig. 2F ), suggesting they lie immediately upstream of BFU-E. Absolute numbers of Blast-E colonies were increased in T21 FL HSC, CMP, and MEP because overall clonogenicity was higher (Table S1 ), although the relative proportion was similar to normal FL (Fig. 2B ). Blast-My, which appeared on day 10-12 of culture and did not hemoglobinize even after 4 wk (Fig. 2C) , contained almost exclusively myeloid blast cells (Fig. 2D ), coexpressed CD34 and mature myeloid markers (Fig. 2E) , and had high replating efficiency, generating CFU-GM, BFU-E, and BFU-MK, which had no further replating ability (Fig. 2F ), suggesting that they lie immediately upstream of CFU-GEMM. Blast-My were increased in T21 FL HSC and CMP compared with normal FL (Fig. 2B ). Although Blast-My are detectable in normal cord blood and adult bone-marrow HSC and myeloid progenitors, Blast-E appear to be fetal in origin because we do not detect them in adult bone marrow (Table S2) . 
CD19
+ B cells in MS5 cocultures consistent with FL as a site of normal prenatal B-cell development (Fig. 3E) . In T21 FL, both PreproB (0.33 ± 0.1 vs. 3.5 ± 0.5%; T21 vs. normal) and ProB progenitors (3.1 ± 0.5 vs. 7.1 ± 1.0) were reduced ( (Fig. 3E) . T21 FL LMPP and ELP MS-5 cocultures also failed to generate CD19 + cells apart from transient occasional CD19
+ cells from ELP after 7 d but not thereafter (Fig. 3E ). In contrast, there was no difference in T21 FL T progenitor frequency (CD34 +
CD4
+ cells: 5.5 ± 1.9 vs. 3.7 ± 0.9% of CD34 + cells; normal vs. T21; P = 0.70). These data suggest specific impairment of B-cell development in T21 FL which is evident at all stages of B-cell differentiation. 
Expression of MK-Erythroid and B-Lineage Genes in T21 FL HSC and
Progenitors. To determine whether changes in HSC/progenitors in T21 FL reflected alterations in lineage-affiliated geneexpression signatures, we flow-sorted normal and T21 HSC, CMP, MEP, LMPP, ELP, and PreproB progenitors, as shown (Fig. S2) , and measured expression of key lineage-associated genes by quantitative RT-PCR. Both normal and T21 FL HSC-expressed genes highly expressed in human adult bone-marrow HSC, including MPL, IL3RA, IKZF1, RUNX1, ERG (17), and interestingly also expressed high levels of NOTCH1 compared with differentiated progenitors, consistent with murine fetal HSC (19) (Fig. 4A ). Intriguingly, high-level expression of EPOR was seen in normal FL HSC, equivalent to FL MEP (Fig. 4C) , in contrast to low EPOR expression in adult marrow HSC (17) , suggesting FL HSC may be erythroid-primed to meet the fetal demand for red cells. FL HSC also expressed genes important in early lymphoid specification, including FLT3, CRLF2, E2A, ETS1, MEF2C, GATA3, and HES1 (20) (21) (22) (Fig. 4B) , as well as early stem MKerythroid genes, including SCL, GATA2, low levels of GATA1 and VWF (Fig. 4C) , and early myeloid lineage-affiliated genes, such as CEBPA, PU1, CSF1R, CSF2R, and CSF3R (Fig. 4D) . These data are consistent with multilineage priming of human FL HSC, analagous to murine and adult HSC (17, 22, 23) .
T21 FL HSC also expressed a multilineage program but with marked reductions in expression of early lymphoid genes compared with normal FL HSC: NOTCH1, FLT3, ETS1, MEF2C, HES1, and DYRK1A (Fig. 4B) . Increased MK-erythroid commitment by T21 FL HSC did not appear to be a result of of increased MPL or EPOR or to the key MK-erythroid regulators SCL or KLF1, because their levels of expression were normal or reduced in T21 FL HSC (Fig. 4C) . Expression of several early stem cell MK-erythroid genes, including GATA2, GATA1, VWF (Fig.  4C) , RUNX1, and ERG (Fig. 4A) , was higher in T21 FL HSC and, although the increase for each gene individually was not statistically significant, collectively these changes may contribute to the increased MK-erythroid commitment. In line with this finding, GATA2 and GATA1 expression were increased in T21 FL CMP (Fig. 4C) . Taken together, differences in T21 FL HSC gene expression are consistent with their increased MK-erythroid and impaired B-lymphoid potential.
T21 FL LMPP also failed to up-regulate the early lymphoid gene program (IKZF1, RUNX1, NOTCH1, and FLT3) seen in normal FL LMPP and several key B-lymphoid genes, including EBF, IGH@, CRLF2, and IL7RA (Fig. 4 A and B) . In contrast, E2A and PU1 expression in T21 FL was the same as normal FL, consistent with their wider roles in hematopoiesis (21) . Similar patterns of reduced expression of early lymphoid and B-lymphoid genes, including EBF1, IGH@, and PAX5, but not CD19, were seen in T21 ELP and PreproB progenitors (Fig. 4B) . Table S1 ). (C) Representative colonies (Scale bars, 100 μm.) and (D) colony cytospins (Scale bars, 10 μm.) from normal (Left) and T21 (Right) FL clonogenic assays. (E) Only Blast-My and Blast-E had secondary replating activity. No tertiary replating was seen. There was no difference between replating activity of normal and T21 FL Blast-My or Blast-E.
Finally, to investigate chromosome 21 (HSA21) genes important in hematopoiesis, we compared levels of RUNX1, ERG, DYRK1A, and GABPA (Fig. 4 A and B ) in T21 and normal FL HSC/progenitors. Importantly, none of these genes showed the predicted 1.5-fold increase in expression across all HSC/progenitor populations expected for cells trisomic for HSA21. Instead, a significant increase in expression, compared with normal FL, was found only for GABPA (1.3-to 1.4-fold) and this was specific to the LMPP and PreproB populations, because GABPA expression in HSC and other progenitors was the same in normal and T21 samples. RUNX1 and ERG expression were comparable in T21 and normal FL across all populations apart from significantly reduced expression in PreproB, although modest, potentially relevant, increases in RUNX1 (1.4-fold) and ERG (1.2-fold) were seen specifically in HSC (Fig. 4A) . Interestingly, DYRK1A expression was lower in all T21 HSC/progenitors compared with normal FL (Fig. 4A) .
Discussion
The striking association of T21 with myeloid and B-cell malignancies in young children (3) led us to investigate whether T21 itself alters HSC/progenitor biology using detailed immunophenotypic and functional analysis of GATA1 mutation-negative, second trimester T21 FL compared with normal FL. Here, we are unique in reporting evidence in primary human FL cells that T21 itself causes multiple distinct defects in FL myelo-and lymphopoiesis, altering not only the myeloid progenitor compartment (MEP/CMP/GMP), but also causing perturbation of immunophenotypically defined HSC, MPP, LMPP, and of early and committed B-lymphoid progenitors. Gene-expression studies demonstrate the molecular complexity underlying these changes and argue that effects of T21 are cell context-dependent and influenced not only by cell lineage, but also by maturational stage.
Expansion of HSC was accompanied by functional and molecular evidence of MK-erythroid bias, although confirmation that there is a true increase in MK-erythroid-biased HSC would require experiments at a single-cell level and appropriate xenograft models (24) . Increased MEP frequency in T21 FL may therefore be a downstream consequence of this, because more profound differences in functional assays and gene expression were seen in HSC rather than MEP in T21 FL. Indeed, both previously (11, 12) and here, we have been unable to demonstrate self-renewal of T21 MEP (replating activity instead resided further up the differentiation hierarchy), although T21 MEP clonogenicity is increased, indicating a proliferative advantage in MEP, as well as HSC and MKs, were increased in vivo in T21 FL (on FL sections). Because all samples were screened (and were negative) for the presence of the disease-causing exon 2/3 mutations in GATA1 characteristic of TMD (7) (8) (9) , this argues strongly that T21 is responsible for these effects. This theory is supported by data from human iPSCs reported by MacLean et al. (25) , which recapitulated many of the abnormalities in fetal myelopoiesis we observed in primary fetal cells.
Impaired B-progenitor development in T21 FL manifest both as a marked selective reduction in committed B-progenitor (PreproB and ProB) frequency (T-progenitor frequency was normal) and as reduced ability of HSC, LMPP, and ELP to generate mature B cells. These abnormalities were underpinned by an equally marked reduction in T21 FL HSC of expression of FLT3, one of the earliest regulatory events triggering B-lymphoid development (20) . Furthermore, in T21 LMPP, FLT3 expression failed to undergo the up-regulation needed to activate normal B-progenitor development (22) . Consistent with this finding, levels of expression of other transcriptional activators that specify B-cell fate, including IL7RA, CRLF2, ETS1, MEF2C, and EBF, were reduced in T21 LMPP and downstream B-progenitors and PAX5 expression was reduced in ELP. These data show extensive dysregulation of B-cell development from HSC to mature B cells. Whether similar dysregulation of B-progenitor development persists beyond birth is unknown, but we hypothesize that "molecular resetting" of the fetal Blymphoid differentiation program contributes to B-cell immune deficiency (15) and B-ALL in children with DS (26) .
It is important to note that the differences between T21 and normal FL hematopoiesis are not only marked, but the pattern of hematologic abnormalities seen in every T21 fetal sample is the same over the gestation range investigated (14-22 wk) . This finding supports our earlier observations of consistent FL abnormalities despite the absence of GATA1 mutations, which was independently confirmed in two laboratories (11, 12) . The precise mechanisms by which T21 causes the consistent pattern of perturbed FL HSC/progenitor specification and function were not directly addressed in this study. However, by characterizing the effects of T21 on HSC and each progenitor population individually, our data reveal the molecular complexity underlying the effects of T21 and suggest that a single molecular event is unlikely to explain all of these abnormalities and that the impact of changes in expression of HSA21 genes is not just tissue-specific, but also varies according to lineage, differentiation stage, and the regulatory machinery of individual genes, as reported for other T21 tissues in DS (2) and in DS leukemias (27) . The marked phenotypic differences in T21 FL hematopoiesis contrast with the relative modest effects on gene expression. This finding is not surprising given the very modest differences in global gene expression reported in the accompanying article by Chou et al. (28) and in other primary T21 tissues (average 1.5 fold) (29) (30) (31) , which also show variation in the level of increase both between genes and within different tissues, leading to thresholds for differences in expression between T21 and disomic tissues being set at ∼1.2-fold in some studies (32, 33) . In support of this approach, there is good evidence that small changes in gene expression can account for phenotypic/functional differences. In mouse models with different combinations of HSA21, orthologs also show phenotype attenuation when fewer genes are triplicated, demonstrating the importance of multiple small changes of gene expression (34, 35) . For example, small changes in mRNA expression (1.5-fold) of both HSA21 genes DYRK1A and DSCR1 caused profound nuclear factor of activated T cells dysregulation and cardiac defects (36) . Similarly, our data may provide important clues in primary human hematopoietic cells to possible mechanisms through which T21 may perturb their growth and differentiation and a model with which to investigate these. These data help direct specific questions about how lineage-restricted changes in expression of HSA21 genes (such as GABPA and possibly RUNX1, ERG, and DYRK1A) or the five HSA21 miRs contribute to HSC/progenitor dysregulation, as suggested from ML-DS and TMD (35, 37, 38) , or the role of altered HSC/progenitor interactions with microenvironmental regulators, as suggested for insulin-like growth factor signaling (39) and CRLF2/ IL7RA (26) in T21 leukemias.
Finally, the impact of T21 on HSC/progenitors is likely to vary with age given the different patterns of hematopoietic abnormalities during fetal and postnatal life (11, 13, 15) . Because we found that by 14-wk gestation, FL hematopoiesis is already perturbed, this raises the question of whether T21 also affects HSC/progenitor behavior during early embryonic development and in primitive hematopoietic cells, which is clearly extremely shown relative to GAPDH. Significant differences between T21 and normal FL are shown as *P < 0.05; **P < 0.01, and ***P < 0.001, using Bayesian analysis of differences in mean (see SI Experimental Procedures).
difficult to investigate in detail in human embryos. Indeed, data from human T21 iPSCs recapitulated many, but not all, of the abnormalities we observed in second trimester primary FL cells and show that T21 can also perturb hematopoiesis in the embryonic yolk sac (25, 28) . Thus, integration of studies in primary human fetal tissue with the iPSC model systems of fetal and embryonic hematopoiesis characterized by MacLean et al. (25) and Chou et al. (28) will be necessary to properly elucidate the molecular complexity underlying the impact of T21 on human hematopoiesis and leukemogenesis.
Experimental Procedures
Samples. Second trimester FL collected during elective surgical termination of pregnancy were processed immediately. GATA1 analysis, CD34 + separation, and immunohistochemistry were performed as previously described (11) Flow Cytometric Analysis and Sorting. Cells were stained with ≤8 fluorophoreconjugated monoclonal antibodies (see SI Experimental Procedures) and analyzed using a BD LSR Fortessa or FACSAria II (Becton Dickinson). Gates were set with unstained controls gating on viable cells using DAPI. Data were analyzed on FlowJo software (Tree Star).
Clonogenic Assays. Clonogenic assays were performed on flow-sorted HSC/ progenitors (100 cells/mL) using Methocult H4230 (Stem Cell Technologies) with cytokines [IL-3 20 ng/mL, IL-6 10 ng/mL, IL-11 10 ng/mL, stem cell factor (SCF) 10 ng/mL, FLT3 10 ng/mL, GM-CSF 50 ng/mL, thrombopoietin (TPO) 50 ng/mL (all Peprotech) and erythropoietin (EPO) 4 U/mL (R&D Systems)] (see SI Experimental Procedures).
MS5 Stromal Cocultures for B-Lymphoid Differentiation. MS5 stromal cells were cocultured with 100 sorted HSC/progenitors in MS5 medium (a-MEM; Invitrogen) with 10% (vol/vol) FCS, Flt-3L (10 ng/mL), SCF (20 ng/mL), IL-2 (10 ng/mL), IL-7 (5 ng/mL), GM-CSF (20 ng/mL), and G-CSF (10 ng/mL) (Peprotech). B-lymphoid differentiation was assessed weekly by FACS from day 7-21 (see SI Experimental Procedures).
Gene Expression Analysis by Dynamic Arrays. Gene expression was assessed using the BioMark real-time PCR (qPCR) system (Fluidigm). Fifty HSC or progenitors from five normal FL and three T21 FL were sorted into 200-μL PCR tubes with 10 μL RT-STA mix. Each population was tested in triplicate. Sorted populations were analyzed for relative level of expression of ≤48 genes simultaneously, as previously described (17) . Gene expression was normalized to GAPDH expression using the 2^-ΔCq method. Data are presented as mean ± SEM. For list of assays (ABI) used for qPCR, see Table S3 .
Statistics. The difference in means for two sample groups was tested for significance using a Bayesian analysis of differences in mean and Wilcoxon test. Data are expressed as mean ± SEM unless otherwise indicated.
